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Abstract 
Flow chemistry, although now commonly used for general synthetic chemistry, has not been applied extensively in a 
biomimetic fashion. Here we show how the flow syntheses of borrerine derived alkaloids can use these principles to 
obtain complex architectures in a single step. 
 
In many examples described in the literature flow 
synthesis offers significant advantages compared to 
classical batch methods with regards to safety
[1-4]
 and 
environmental impact (e.g. through reduction of 
downstream-processing, lower energy consumption, 
lower solvent use),
[5]
 and allows reactions to be performed 
under a broader range of reaction conditions.
[6-9]
 
Furthermore, flow chemistry often allows a more rapid 
reaction optimisation,
[10-12]
 and the use of in-line tools 
enables a better analysis of reaction pathways.
[13,14]
 
Consequently, flow chemistry is now widely used in 
synthetic chemistry
[15]
 and has moreover increasingly 
applied in the area of complex natural product 
synthesis.
[16-18]
 Also, the many options to follow reactions 
via in-line analysis allows researcher to harness reactive 
intermediates in a controlled fashion, making flow 
chemistry an ideal tool for conducting biomimetic 
syntheses.
 
However, only a few examples to date have 
been reported using flow chemistry to explore biomimetic 
pathways.
[19-21]
 Consequently, we have recently begun a 
program aimed at the generation of molecular complexity 
using flow-chemical methods to mimic the way a cell 
produces a compound, rather than in typical round-bottom 
flasks. First attempts of our group to realise biomimetic 
syntheses of natural products in flow proved to be very 
successful, demonstrating the predominance of flow 
reactions over batch reactions in cases where reactive 
intermediates are formed during the reaction.
[21]
 This has 
encouraged us to look at even more complex structures of 
which the borrerine derived alkaloids caught our attention 
(see fig. 1). The bisindole alkaloids borreverine (4) and 
isoborreverine (2) were first isolated from Borreria 
verticillata in the 1970s.
[22,23]
 In 1978 it was shown that 
the two molecules can be directly derived from the 
dimerisation of the naturally occuring indole alkaloid 
borrerine (1).
[24]
 Since that time a number of structurally 
related bisindole alkaloids have been isolated which are 
proposed to have a common biosynthetic origin derived 
from borrerine (1).
[25-27]
 These compounds are of 
particular interest since many of them have shown 
significant antimalarial activity, significantly even in 
chloroquine resistant strains of Plasmodium 
falciparum.
[28-30]
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Fig. 1. Borrerine derived alkaloids. 
 
The isolation publications of these compounds were 
rapidly followed by relevant synthetic studies.
[31-36]
 
Nevertheless, these syntheses were accompanied by 
issues such as a large number of synthetic steps, 
difficulties in up-scaling the reactions or the necessity for 
extensive purification steps to separate complex product 
mixtures, respectively. 
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Entry Reagent Solvent T 
FR 
[ml/min] 
1:11:2a 
(Yield 2) 
1 Amberlyst-Yb PhCH3 150°C 0.2 100:0:0 
2 Amberlyst-Sc PhCH3 150°C 0.2 100:0:0 
3 Amberlyst-In PhCH3 150°C 0.2 100:0:0 
4 Amberlyst-Yb CH2Cl2 100°C 0.2 100:0:0 
5  Amberlyst-Sc CH2Cl2  100°C  0.2  100:0:0  
6  Amberlyst-In CH2Cl2  100°C  0.2  100:0:0  
7  Nafion NR50
® 
 CH2Cl2   r. t.  0.1  100:0:0  
8  PVPP-BF3 CH2Cl2   r. t.  0.5  0:100:0  
9  PVPP-BF3 CH2Cl2   r. t.  0.1  0:100:0  
10  PVPP-BF3 CH2Cl2  40°C  0.1  0:84:16 
11  PVPP-BF3 CH2Cl2  70°C  0.5  0:81:19 
12  PVPP-BF3 CH2Cl2  70°C  0.1  0:75:25 
13  PVPP-BF3 CH2Cl2  100°C  0.5  0:66:34 
14  PVPP-BF3 CH2Cl2  100°C  0.2  0:40:60 
15 PVPP-BF3 CH2Cl2 100°C  0.1  
0:0:100 
(68%)  
16
b
  PVPP-BF3 CH2Cl2  100°C  0.5  0:54:46 
17
b
  PVPP-BF3 CH2Cl2  100°C  0.3  0:66:34 
18
b
  PVPP-BF3 CH2Cl2  100°C  0.2  0:47:53 
19 PVPP-BF3 
CH
2
Cl
2
/ 
DCE (1:1) 
100°C 0.1c 
0:0:100 
(95%) 
20 Silica-BF3 CH2Cl2 r. t. 0.5
d 
0:0:100 
(94%) 
Table 1. Optimisation of dimerisation of borreverine (1) to 
isoborreverine (2). [a] Determined by 1H NMR; [b] c = 0.008 M; all 
other experiments: c = 0.04 M. Entry 8-19: X- = BF4
-. [c] Volume of the 
packed bed: 2.4 mL, residence time ca. 30 min. [d] Volume of the 
packed bed: 2.2 mL, residence time ca. 3 min. 
 
We therefore turned to flow chemistry to avoid some of 
these problems.
[37]
 Firstly, we focused on the preparation 
of isoborreverine (2) which is a Diels-Alder product of 
the diene resulting from a ring opening of borrerine (1). 
As shown by Vallakati and May
[33]
 2 can be obtained by a 
acid-promoted one-step procedure from borrerine (1). We 
screened different solid-supported Lewis acids under 
different conditions (see table 1).  No conversion was 
observed with rare earth based solid-supported Lewis 
acids such as Amberlyst-Yb, Amberlyst-Sc or Amberlyst-
In
[38]
 nor with Nafion NR50

 (entry 1-7). Success 
however came by using PVPP-BF3,
[39,40]
 a polymer-
supported BF3 reagent (entry 8-19). After a quick 
optimisation study of the reaction conditions we found 
conditions which gave excellent conversion to 
isoborreverine (2), essentially without any side product 
formation. However, when CH2Cl2 was used as a solvent 
we isolated only 68% of the product, presumably because 
some of the product was stuck to the solid-supported 
Lewis acid. We therefore switched to a CH2Cl2/1,2-
dichloroethane (1:1, v:v) solvent mixture. A basic wash of 
the reaction mixture delivered isoborreverine (2) under 
these conditions as the free base in 95% yield (entry 19). 
With the more reactive silica-supported BF3
[41]
 (entry 20) 
we observed the selective dimerisation of 1 to 2 under 
considerably milder conditions and above all at higher 
flow rates. In each case the dimerisation product 2 was 
obtained in very good yield upon evaporation of the 
solvent. Since the NMR spectra showed only minor 
impurities there was no need for further purification prior 
to biological evaluation.  
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Fig. 2. Flow synthesis of 13 by dimerisation of 12. 13 is a precursor of 
flinderole A (6) and desmethylflinderole C (8). Volume of the packed 
bed: 2.4 mL, residence time: ca. 2 min. 
 
With these promising results in hand we embarked on the 
synthesis of flinderole compounds 6 and 8. These are 
formal [3+2] cylcloaddition products of the afore-
mentioned ring-opened diene. We therefore studied the 
dimerisation of tetrahydropyridine-N-methylcarbamate 
protected borreverine 12 under similar conditions reported 
above for 2. As expected, dimerisation of 12 occured with 
even the less reactive BF3 reagent PVPP-BF3
[39,40]
 under 
very mild conditions (room temperature) and at high flow 
rates (2.0 mL/min). Compound 13, which is the 
carbamate-protected precursor of flinderole A (6) and 
desmethylflinderole C (8), was obtained in 94% yield as a 
diastereomeric mixture (dr = 48:52
[42]
) similar to previous 
syntheses. 
In conclusion, this work and our previous study
[21]
 
demonstrates that flow generated sequential complexity 
can be applied to biomimetic syntheses. The reactions can 
be optimised quickly and over a wide range of 
temperatures and pressures, as a result of the more 
controlled reaction conditions in flow. Furthermore, the 
system offers the opportunity to quickly obtain analogues 
of the respective natural products for further biological 
testing. Combining flow synthesis with bioassay 
platforms is already proving a successful strategy
[43]
 to 
expand the opportunities in the area. 
 Experimental  
General Experimental Procedure for the Flow 
Reactions
[37]
 
A solution of the substrate (preloaded in a 5 mL loop, 
0.2 mmol, c = 0.04 M, if not otherwise stated) in the stated 
solvent was pumped through a glass column (Omnifit
®
, 
10.0 mm i.d. × 100.0 mm length) packed with the solid 
supported reagent (1.8 g for silica-supported BF3, 0.8 g 
for all other solid-supported reagents) and heated to the 
stated temperature. A 100 psi back pressure regulator was 
placed after the reactor. The solution obtained was 
concentrated in vacuo. To isolate the free amine the 
solution was washed with saturated NaHCO3 solution 
(10 mL) prior to concentration.   
 
Supplementary Material 
Detailed experimental procedures and characterization 
data are available on the Journal´s website. 
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